FoxA transcription factors are critical regulators of gut development and function. FoxA proteins specify gut fate during early embryogenesis, drive gut differentiation and morphogenesis at later stages, and affect gut function to mediate nutritional responses. The level of FoxA is critical for these roles, yet we know relatively little about regulators for this family of proteins. To address this issue, we conducted a genetic screen for mutants that suppress a partial loss of pha-4, the sole FoxA factor of Caenorhabditis elegans. We identified 55 mutants using either chemical or insertional mutagenesis. Forty-two of these were informational suppressors that affected nonsense-mediated decay, while the remaining 13 were pha-4 suppressors. These 13 alleles defined at least six different loci. On the basis of mutational frequencies for C. elegans and the genetic dominance of four of the suppressors, we predict that many of the suppressors are either unusual loss-of-function mutations in negative regulators or rare gain-of-function mutations in positive regulators. We characterized one dominant suppressor molecularly and discovered the mutation alters a likely cisregulatory region within pha-4 itself. A second suppressor defined a new locus, the predicted AAA1 helicase ruvb-1. These results indicate that our screen successfully found cis-or trans-acting regulators of pha-4.
D
URING metazoan development, cells acquire specialized identities such as cell type, position, organ, or tissue. The developmental programs that establish these identities often depend on the activity of a subset of transcription factors called selector genes (Mann and Carroll 2002 ). Here we focus on the selector gene responsible for identity of cells of the foregut, which is the winged-helix transcription factor FoxA (Mango et al. 1994; Horner et al. 1998; Kalb et al. 1998) .
FoxA, previously known as HNF3b (Kaestner et al. 2000) , was identified as a protein enriched in liver nuclear extracts (Lai et al. 1990; Lai et al. 1991 ) and the gene defined by Drosophila fork head ( Jurgens et al. 1984; Jurgens and Weigel 1988; Weigel et al. 1989) . More recently, FoxA factors have been implicated in transcriptional control of breast cancer genes (Carroll et al. 2005; Laganiere et al. 2005) , metabolic processes (Friedman and Kaestner 2006) and aging (Panowski et al. 2007 ). Loss of FoxA activity results in severe defects in foregut-derived organs such as liver and pancreas (Weigel et al. 1989; Ang and Rossant 1994; Mango et al. 1994; Weinstein et al. 1994; Dufort et al. 1998; reviewed in Zaret 2002; Lee et al. 2005) . Conversely, ubiquitous expression of pha-4/FoxA in Caenorhabditis elegans is sufficient to induce ectopic foregut cells (Horner et al. 1998) . These data reveal that appropriately regulated expression of pha-4/FoxA is critical for its normal functions.
Microarray studies have identified .300 potential targets of PHA-4 in C. elegans, and promoter analysis has revealed that many of these genes are direct PHA-4 targets (Gaudet and Mango 2002) . The targets are expressed at varying times during the development, differentiation, or functioning of the pharynx. The appropriate timing of expression depends on combinatorial mechanisms among different cis-regulatory sites (Kalb et al. 2002; Ao et al. 2004; Gaudet et al. 2004; Vilimas et al. 2004; Raharjo and Gaudet 2007) . In addition, the affinity of PHA-4 for its binding sites is an important contributor to temporal control (Gaudet and Mango 2002; Ao et al. 2004; Gaudet et al. 2004) . FoxA proteins recognize the consensus TRTTKRY (R ¼ A/G, K ¼ T/G, and Y ¼ T/C) in the cis-regulatory regions of gut-specific targets (Overdier et al. 1994; Kalb et al. 1998; Gaudet and Mango 2002) . Target genes with high affinity sites are competent to fire early in embryogenesis, whereas genes with lower affinity sites are typically expressed late (Gaudet and Mango 2002; Gaudet et al. 2004) . This regulatory configuration implies that the level and activity of PHA-4 are carefully controlled to achieve proper timing for pharyngeally expressed genes. This raises the question of what mechanisms control PHA-4 expression and activity. Here, we take advantage of our pha-4 alleles to identify mutants that can suppress a partial loss of pha-4 function. We chose a genetic approach over other 1 possible schemes (e.g., yeast two-hybrid screen, coimmunoprecipitation) because this strategy could potentially identify proteins that do not physically touch PHA-4, such as components of signaling pathways, as well as those that do. Here we present the results and discuss the implications of this screen for regulators of PHA-4.
MATERIALS AND METHODS
Worm growth: C. elegans strains were maintained as described in Brenner (1974) . Wild type (WT) was N2 (Bristol). pha-4(ts) strains, SM190 smg-1(cc546ts)I; pha-4(zu225)V and SM568 smg-1(cc546ts)I; pha-4(q500) rol-9(sc148)V, KK822 par-1(zu310ts)V, SM279 smg-1(cc546ts)I five times outcrossed, SM141 or PGP is pxIs1(PHA-4TGFP 1 rol-6) were described previously (Gaudet and Mango 2002; Alder et al. 2003; Kaltenbach et al. 2005; Updike and Mango 2006) . Strains obtained from the CGC include TR1331 smg-1(r861)I, BC2511 dpy-18(e364); eT1III; unc-60(e677) dpy-11(e224) sDf35/eT1V, and CB4856 Hawaiian isolate. Strain TM2786 ruvb-1(tm2786) was obtained from the National Bioresource Project, Tokyo Women's Medical College, Tokyo (Gengyo-Ando and Mitani 2000) .
Strains created for this study include the Mos1 mutagenesis strain SM948 smg-1(cc546ts)I; pha-4(zu225); oxIs30(Mos1 Transposase) X; oxEx229(Mos1 Transposon). SM948 was created from SM190 and EG2412, which carries the Mos1 transposon and transposase (Bessereau et al. 2001) . SM1547 was used for singlenucleotide polymorphism (SNP) mapping and was generated by crossing SM190 10 times with Hawaiian CB4856, using pxEx259(sur-5TGFP 1 unc-54TGFP) to mark cross progeny. SM1153 was smg-1(cc546ts); pha-4(zu225) 1 (coelomocyteTGFP). SM1261 was smg-1(cc546ts)I; pha-4(px63 zu225)/fog-2(q71) rol-9(sc148)V. SM1237 was dpy-11(e224) unc-42(e270) ruvb-1(px34)/ evl-1(ar115) V. SM1238 was ruvb-1(px34)/unc-42(e270) sqt-3(sc63) V. SM1239 is ruvb-1(px34) sqt-3(sc63)/unc-42(e270) sqt-3(sc63) V. SM1262 was dpy-11(e224) unc-42(e270) ruvb-1(px34)/evl-1(ar115)V; pxEx210a(R05D5 1 sur-5TGFP). SM1263 was dpy-11(e224) unc-42(e270) ruvb-1(px34)/evl-1(ar115)V; pxEx210b(T10A5 1 sur-5TGFP). SM1276 was pxEx211(ruvb-1pTGFPTHis2B 1 rol-6). SM1415 is smg-1(cc546ts)I; (px23)II; pha-4(zu225)V 1 (coelomocyteTGFP). SM1261 was pha-4(px63 zu225)/fog-2(q71) rol-9(sc148). SM1592 was ruvb-1(tm2786)/unc-42(e270) sqt-3(sc63). Suppressor strains in the pha-4(ts) background are shown in Table 1 .
Isolation of pha-4(ts) suppressors: pha-4(ts) strains were mutagenized with 50 mm ethylmethanesulfonate (EMS) for 4 hr at 24°. P 0 's were rinsed with M9 to remove EMS, and fourth larval stage (L4) worms were picked to new plates and incubated at 24°. F 1 progeny were shifted to the intermediate restrictive temperature of 20°at the L3-L4. Viable F 2 progeny were selected, and these strains were maintained at 20°, with no more than one F 2 suppressor line isolated from one F 1 .
Mos1 transposon mutagenesis was performed with SM948. This strain carries pha-4(ts) and an extrachromosomal array with the Mos1 transposon (oxEx229) and an integrated HSTMos1 transposase (oxIs30) (Bessereau et al. 2001) . Mutagenesis was performed as described in (Bessereau et al. 2001) . To synchronize populations, several plates of SM948 worms were treated with bleach to isolate embryos. Embryos were grown to the adult stage to provide the P 0 population. Synchronized P 0 hermaphrodites were incubated at 33°for 1 hr to induce the transposase and then dispensed to several 10-cm plates at a density of $100 P 0 animals per plate. F 1 progeny were shifted to 20°at the L3-L4 stage. Viable F 2 progeny were selected, and their progeny maintained at 20°, with no more than one F 2 suppressor line isolated from each plate.
PCR amplification of a Mos1 sequence was used to detect an insertion event after the Mos1 extrachromosomal array was lost from the strain (Bessereau et al. 2001) . No Mos1 insertion events were detected in the pha-4(ts) suppressor strains. A Mos1 insertion in unc-74 provided by Dan Williams and Erik Jorgensen was used as a positive control in these experiments and was always detected (Williams et al. 2005; D.W. and E.J.L., personal communication) .
Genetic analysis: To test for suppression in heterozygous cross progeny, 10 SM1153 males were crossed to five to eight sup; pha-4(ts) hermaphrodites at 20°. GFP-positive F 1 cross progeny were observed for all suppressors. SM1153 hermaphrodite controls had no viable F 1 progeny. To determine whether suppressors were dominant, five GFP-positive F 1 cross progeny were picked to new plates in L4 and examined for viable F 2 progeny at 20°.
To test for dominant zygotic suppression, males were generated for each of the 13 pha-4 suppressor strains. Twenty suppressor males were crossed to 10 pha-4(ts) worms at 20°. Ten pha-4(ts) males were used for a control. After two dates of mating, P 0 mothers were picked from the plates. Two days later, the percentage of progeny larger than the L1 stage were scored (n ¼ 100 progeny).
To examine the gonad, pha-4(ts) animals were shifted to 20°a t the L1 or the pretzel stage of embryogenesis. Worms were examined for gonad defects under the light microscope two days later.
RT-PCR of rpl-7a: For total RNA extraction, 100 ml of frozen worm pellets were crushed and resuspended in Trizol Reagent (Gibco BRL, Grand Island, NY), followed by chloroform extraction, according to the manufacturer's specifications. RNA was precipitated with isopropanol and washed with 70% ethanol. Resuspended RNA was treated with DNase, extracted with phenol:chloroform and precipitated with ethanol. A FirstStrand reaction kit (Gibco BRL) was used to perform the reverse transcriptase reaction. This reaction was followed by phenol:chloroform extraction and ethanol precipitation. Amplification of rpl-7a from the cDNA was performed as described in (Mitrovich and Anderson 2000) , and PCR products were analyzed on a 1% agarose gel. Antibody staining: To detect possible nonsense-codon, readthrough suppression, embryos were stained as described previously with an antibody that recognizes the carboxyl terminus of PHA-4 (Horner et al. 1998; Kaltenbach et al. 2005) . Embryos from pha-4 suppressing strains were stained with a-carboxyl PHA-4 at a 1:20 dilution and costained with a-P granule (OIC1D4) at 1:10 ½received from the Developmental Studies Hybridoma Bank, University of Iowa (Beanan and Strome 1992) . par-1 mutant embryos (Kemphues et al. 1988) were placed on the same slide as the suppressors as a positive control for PHA-4 staining. Their altered morphology allowed them to be distinguished from pha-4(ts) embryos.
To assess early pharyngeal development, embryos were stained with pharyngeal muscle antibody 3NB12 (Priess and Thomson 1987) and costained with a-LIN-26 antibody (Labouesse et al. 1996) , as described in (Horner et al. 1998) .
To count pharyngeal cells, embryos were stained with a 1:2000 dilution of affinity purified pan-PHA-4 antibody as described previously (Kaltenbach et al. 2005) . Confocal sections were taken every 0.25 mm and the number of PHA-4 positive nuclei counted in 6-12 embryos for each strain.
Single nucleotide polymorphism mapping of suppressors: SM1547, which is pha-4(ts) outcrossed 10 times in the Hawaiian CB4856 background, males were crossed to sup; pha-4(ts) hermaphrodites (Bristol background) at 20°(px17, px33, px34, and px63) or 24°(px8, px11, px12, px16, px23, px28, px31, px70, and px71) . GFP fusions with sur-5 (Yochem et al. 1998) or unc-54 (Sha and Fire 2005) in SM1547 males were used to identify F 1 cross progeny. Hermaphrodite F 1 cross progeny were cloned to individual plates at 20°. Viable F 2 progeny were picked to individual plates at 20°. Individual F 2 animals that gave rise to viable F 3 progeny at 20°were picked into 20 ml of worm lysis buffer with proteinase K and frozen for later analysis.
Worms in lysis buffer (50 mm KCl, 10 mm Tris pH 8.3, 2.5 mm MgCl 2 , 0.45% IGEPAL CA-630, 0.45% Tween 20, 0.01% gelatin, 60 mg/ml proteinase K) were incubated at 65°for 1 hr, followed by 15 min at 95°. This lysate was used as a template in PCR reactions to amplify SNPs spanning all chromosomes. After PCR, the appropriate restriction enzymes and buffers were added to detect SNPs between the Hawaiian and N2 isolates (Wicks et al. 2001; Davis et al. 2005 Southern blot analysis: Genomic DNA was prepared from frozen 0.5-ml pellets of N2 or smg-1(cc546ts); pha-4(zu225)/pha-4(px63 zu225) worms by standard proteinase K lysis, phenol:-chloroform extraction, and ethanol precipitation (Sulston and Hodgkin 1988) . A total of 5 mg of genomic DNA from each strain was digested overnight with EcoRI, HindIII, XbaI, or HindIII and XbaI. Digested DNA was run in a 0.8% agarose gel, blotted, and cross linked to a nylon membrane.
32 P-labeled PCR amplicons were used as probes and hybridized to the blot. Primers flanking HindIII internal amplicon: (left-CAGG TCCCCTGACAAG) and (right-GGTGTAGTCAATTCCTGGA TAACTGC). Primers flanking XbaI internal amplicon: (left-CAGGTTCAGAGGTCAAACGGGAC) and (right-CGGTGGT GCCAGTGGTAAAAC). These probes placed the px63 rearrangement between XbaI sites in intron 2 and exon 5.
px23 and px28 complementation: SM1415 (1coelomocyteT GFP) males were crossed to SM1430 hermaphrodites at 20°. As complementation controls, SM1153(1coelomocyteTGFP) males were crossed to SM1415 (ÀcoelomocyteTGFP) and SM1430 hermaphrodites at 20°. From each of the three crosses 10 L4 cross progeny (1coelomocyteTGFP) were cloned to individual plates at 20°. As noncomplementation controls, 10 SM1415 and SM1430 L4 animals were cloned to individual plates at 20°. 10/10 plates from SM1415/SM1430 (1coelomocyteTGFP) cross progeny had viable F 2 progeny, as did 10/10 plates from SM1415 and SM1430. 0/10 SM1415/1 and 0/10 SM1430/1 cross progeny had viable F 2 offspring.
Quantitation of nuclear PHA-4: In situ antibody staining was performed as described in Horner et al. (1998) . Single layer confocal images were taken using a Ziess LSM510. Intensity of PHA-4 staining was quantified in four nuclei for each of 10 1.5-fold embryos using ImageJ. The intensity of PHA-4, after background subtraction, was normalized to the intensity of PHA-4 in 10 par-1 mutant embryos on the same slide (Kaltenbach et al. 2005 ) ½P # 0.0072, t-test; significance of PHA-4 levels in suppressors from pha-4(ts) at 20°. For this experiment, all embryos were in the smg-1(cc546ts)I; pha-4(zu225)V background, with the exception of px12 and px17, which were in smg-1(cc546ts)I; pha-4(q500) rol-9(sc148)V.
ruvb-1 expression and rescue: DNA was prepared from cosmids R05D5 and T10A5 with QIAGEN (Valencia, CA) spin miniprep columns. A total of 30 ng/ml of T10A5 was injected with 2 ng/ml of a sur-5TGFP reporter (Yochem et al. 1998 ) to rescue ruvb-1 lethality in SM1237. Of the four lines carrying T10A5 in SM1237, two lines produced Dpy Unc progeny that suppressed L3 lethality of ruvb-1 (60%, n ¼ 5; and 33%, n ¼ 9; rescue). A total of 11 ng/ml of R05D5 was injected with 2 ng/ml of sur-5TGFP to rescue ruvb-1-associated lethality of SM1237 and SM1238. Of the five lines carrying R05D5 in SM1237, two lines produced Dpy Unc progeny that suppressed L3 lethality (33%, n ¼ 15; and 69%, n ¼ 16; rescue). Of the seven lines carrying R05D5 in SM1238, one produced non-Unc non-Dpy non-Rol progeny that suppressed L3 lethality (28% rescue at 25°, n ¼ 36). A total of 0.2 ng/ml of a 3777-bp amplicon containing ruvb-1 (À677 to 13100 relative to the ATG) was injected with 2 ng of an amplicon containing the sur-5TGFP reporter and 98 ng/ml herring sperm carrier DNA to rescue ruvb-1 lethality in SM1238, and three non-Unc non-Dpy non-Rol sur-5TGFP positive transgenic animals suppressed L3 lethality.
The ruvb-1 promoter was amplified from R05D5, encompassing nucleotide positions À677 to À1 relative to the ruvb-1 start codon. This promoter fragment was engineered with 59 SphI and 39 KpnI restriction sites to facilitate cloning into the GFPTHIS2B reporter vector pAP.10 (Gaudet and Mango 2002) . GFP expression was examined on a Zeiss LSM510 confocal microscope.
Suppression of pha-4 using RNAi: For pha-4(ts) suppression, HT115 bacteria expressing GFP, ruvb-1 or ruvb-2 double-stranded RNA were grown overnight in 60 mg/ml carbenicillin at 37°, spotted to unseeded plates containing 1 mm IPTG and 60 mg/ ml carbenicillin and incubated at 37°overnight (Kamath et al. 2003) . Five L4 stage pha-4(ts) or smg-1; ruvb-1 pha-4/1 pha-4 worms were picked to five HT115 (RNAi) or OP50 (control) plates and incubated at 20°. P 0 animals were allowed to lay eggs for 1 day and then removed. Two days later, the percentage of animals older than L1 (as determined by size) were counted ($40 F 1 animals/plate).
For pha-4(RNAi) suppression, HT115 bacteria expressing GFP or pha-4 double-stranded RNA were grown overnight in 60 mg/ml carbenicillin at 37°. Three parts of a GFP dsRNAexpressing culture were mixed with one part pha-4 dsRNAexpressing culture to weaken the potency of pha-4(RNAi). The mixture was spotted to unseeded plates containing no IPTG or antibiotic and incubated at 37°overnight. Five L4 stage WT N2 or ruvb-1(px34)/unc-42(e270) sqt-3(sc63) worms were picked to six HT115 (RNAi) plates and incubated at 25°. P 0 animals were allowed to lay eggs for 36 hr and then removed. Two days later the percentage of animals older than L1 were counted ($100 F 1 animals/plate). P-value ¼ 5.9 3 10 À5 for significance between N2 and ruvb-1 suppression (t-test).
RESULTS

Identification of suppressors of pha-4(ts) lethality:
To screen for pha-4 suppressors, we used two temperature-sensitive (ts) configurations of pha-4 that allowed us to regulate PHA-4 accumulation. pha-4(zu225) and pha-4(q500) each carry a premature stop codon predicted to truncate PHA-4 after the DNA binding domain and render pha-4 mRNA subject to degradation by the nonsense-mediated decay (NMD) pathway (Mango 2001; Gaudet and Mango 2002; Kaltenbach et al. 2005; Updike and Mango 2006) . Our previous analyses revealed that animals homozygous for these alleles were viable provided the NMD pathway was also inactivated (Kaltenbach et al. 2005) . We took advantage of a ts allele of an NMD component smg-1(cc546ts), which exhibits robust NMD activity at 15°but compromised activity at higher temperatures (Pulak and Anderson 1993; Mango 2001; Grimson et al. 2004; A. Fire, personal communication) . At 15°, SMG-1 was active and pha-4 mRNA from either pha-4(zu225) or pha-4(q500) was degraded. We call this ''restrictive temperature'' because it results in Pha-4 lethality at L1 (Kaltenbach et al. 2005) . At the ''permissive temperature'' of 24°, SMG-1 was compromised and pha-4 mRNA was stabilized. Truncated PHA-4 protein accumulated, and worms survived (Kaltenbach et al. 2005) . At 20°, an intermediate level of truncated PHA-4 accrued, producing a phenotype less severe than the null phenotype, but lethal nonetheless (Kaltenbach et al. 2005) . We define pha-4(ts) strains as those strains carrying one of the two pha-4 nonsense alleles and smg-1(cc546ts).
To identify pha-4 suppressors, we mutagenized pha-4(ts) worms at the permissive temperature of 24°and shifted the first generation progeny (F 1 ) to 20°at the L4 (Figure 1 ). The second generation (F 2 ), which could be homozygous or heterozygous for any induced mutation, was selected for suppression of pha-4 lethality at the intermediate temperature of 20°. We selected suppressors at the intermediate temperature because we were most interested in proteins within the pha-4 pathway (not bypass mutations), which would likely require some pha-4 activity. We predicted that this screen would find regulators or cofactors of pha-4, but not downstream targets. PHA-4 has many downstream targets (Gaudet and Mango 2002) , and it is unlikely that mutation of a single target could restore viability to pha-4(ts) mutants. We will determine if this prediction holds true in the future, as the suppressors are analyzed at the molecular and mechanistic levels.
Twenty-six suppressors from 15,000 haploid genomes were obtained using the alkylating agent EMS as a mutagen (Tables 1 and 2 ). Twenty-nine more suppressors from 1,160,000 haploid genomes were obtained using the Mos1 transposon as a mutagen (Bessereau et al. 2001) . Surprisingly, none of our transposon-induced alleles carried a Mos1 insertion, despite robust positive controls (see materials and methods). These alleles likely represent either spontaneous or ''hit-and-run'' mutations by Mos1 (Williams et al. 2005) .
We predicted we would isolate two classes of pha-4 suppressors. First, we expected informational suppressors, including mutations in NMD components. Second, we expected ''true'' pha-4 suppressors, including regulators of pha-4 expression or modifiers of PHA-4 activity. We performed three tests to distinguish informational suppressors from true pha-4 suppressors. First, we examined a natural target of NMD rpl-7a (Mitrovich and Anderson 2000) . This gene produces two mRNAs by alternative splicing (Figure 2A ). The larger isoform is created by alternative splicing of exon 3, which introduces a stop codon and makes this mRNA an NMD target. The smaller mRNA isoform, which lacks the entire third intron, is not targeted by NMD. RT-PCR of rpl-7a from WT animals amplifies primarily the smaller mRNA. In animals defective for NMD, RT-PCR also amplifies the larger transcript since this mRNA is now stable. rpl-7a RT-PCR of the suppressors revealed that 16/26 EMS and 26/29 transposon-mutagenized suppressors were components of NMD, leaving 13 potential regulators of PHA-4 activity or expression ( Figure 2B ; Tables 1 and 2) .
As a second test that these 13 suppressors were not mutations in the NMD pathway or bypass mutations that no longer required PHA-4, we examined suppression at the more restrictive temperature of 15°. We reasoned that mutations that completely inactivated the NMD pathway would suppress pha-4(ts) at any temperature (Kaltenbach et al. 2005) . For each suppressor, we shifted 10 worms at L4 from 20°to 15°, and searched for progeny that were viable past L1. None of the 13 suppressors were viable when grown at 15° (Table 1 ). These data suggest that either we have isolated cold-sensitive lethal alleles, which is unlikely, or none of the 13 suppressors can bypass the requirement for some pha-4 activity. These data also demonstrate that none of the 13 suppressors are null alleles of NMD components.
Third, we wanted to determine whether suppression could be explained by readthrough of the pha-4(zu225) or pha-4(q500) nonsense mutations. We used antibodies that recognize an epitope located in the carboxyl terminus of WT PHA-4, but are absent from the truncated proteins made by pha-4(zu225) or pha-4(q500) (Kaltenbach et al. 2005) . We detected no staining with the PHA-4 carboxyl terminus antibody for any of the 13 pha-4 suppressors ( Figure 2C ). PHA-4 staining of par-1 mutant embryos (Kemphues et al. 1988 ) placed on the same slides served as a positive control for staining ( Figure 2C ). These results indicate that suppression of Pha-4 lethality cannot be explained by translational readthrough of pha-4(zu225) or pha-4(q500) nonsense mutations. We conclude that 13 of 55 pha-4 suppressors are not informational suppressors. We focus on the 13 pha-4 suppressors here; the NMD suppressors will be described elsewhere.
pha-4 suppressors increase PHA-4 levels: We wanted to investigate the effect of the suppressors on pha-4 expression. We compared levels of endogenous PHA-4 from pha-4(ts) and suppressed pha-4(ts) embryos at the restrictive temperature of 20°. We measured the nuclear accumulation of truncated PHA-4 protein in individual nuclei, using a pan-PHA-4 antibody, and compared it to PHA-4 in par-1 mutant embryos placed on the same slide (our positive control). Levels were expressed as the ratio between the query strain and par-1. In previous experiments, this approach was the most sensitive measure of PHA-4 accumulation (Kaltenbach et al. 2005) . Our analysis revealed that PHA-4 accumulated to higher levels in sup; pha-4(ts) embryos compared to pha-4(ts) embryos (Figure 3) . We observed a range of 1.6-to 2.2-fold higher expression, which resembled the level of PHA-4 in pha-4(ts) embryos at permissive temperature (24°). Surprisingly, however, we did not observe a strong correlation between PHA-4 levels and suppressor strength 
ND
None of these suppressors were components of the nonsense-mediated decay (NMD) pathway, according to rpl-7a mRNA analysis. None grew at 15°in combination with pha-4(ts), and none stained with an antibody that recognizes the carboxyl terminus of PHA-4. À, suppressor allele (note that it is unknown if a given allele is a loss of function). 1, scored as ''yes'' if there were at least five viable progeny from #100 total. ND, no data.
a Percentage viable at 20°, n ¼ 100. (Table 1) , which may reflect regulation of PHA-4 activity as well as levels for suppression. For example, px8 embryos had high levels of PHA-4 but poor suppression, whereas px34 mutants had relatively lower levels of PHA-4 but strong suppression ( Figure 3 ; Table 1 ). These data reveal that the 13 suppressors lead to a modest increase in PHA-4 accumulation at restrictive temperature. We note that this experiment did not address whether the increase in PHA-4 was direct or indirect.
Four dominant pha-4 suppressors: All 13 suppressors ½i.e., sup; pha-4(ts) or sup/1;pha-4(ts) had viable progeny when crossed with pha-4(ts) males at 20°, indicating that pha-4 suppression was either dominant (gain-of-function or haploinsufficient) or subject to a maternal-absence effect. To distinguish between these possibilities, heterozygous sup/1;pha-4(ts) hermaphrodites were tested for their ability to produce viable F 2 progeny at 20°. Four heterozygous suppressors (px17, px33, px34, and px63) generated viable F 2 progeny at 20°, indicating these four alleles were dominant (Table 1) . Five of the remaining suppressors (px11, px16, px31, px70, and px71) had dead F 2 progeny, indicating that suppression required both maternal copies of the suppressing gene be mutated (Table 1) . F 1 heterozygotes for the final four suppressors (px8, px12, px23, and px28) were sterile and gave no F 2 progeny. The sterility of the heterozygotes may reflect poor feeding, due to altered pharyngeal development. Alternatively, gonad formation may require pha-4 activity directly during postembryonic development ( Figure  4 ). First stage larvae do not express PHA-4TGFP in their gonads (data not shown), and L1 animals with pha-4(null) mutations are born with a normal gonad primordium (Mango et al. 1994) . However, we observed that as larval development progressed, PHA-4TGFP (Alder et al. 2003) was activated in the developing gonad ( Figure 4A ; Kalb et al. 1998; Gaudet et al. 2004 ) and was required for its proper formation ( Figure 4B ; Ao et al. 2004) . A shift of pha-4(ts) larvae to nonpermissive temperature (20°) at the L1 stage produced sterile adults ( Figure 4B) . A shift to nonpermissive temperature (15°) at the pretzel stage of embryogenesis generated larvae that arrested at the L2 or L3 stage, with appropriately undeveloped gonads (data not shown). These data indicate that pha-4 is required to form the gonad, and that px8, px12, px23, and px28 heterozygotes cannot rescue the gonad defects of pha-4(ts).
To determine whether the suppressors could suppress pha-4 lethality when contributed paternally, 20 males from each suppressor ½sup; pha-4(ts) or for px34 and px63, sup/1;pha-4(ts) were crossed to 10 pha-4(ts) L4 hermaphrodites at the restrictive temperature of 20°. Only px63/1 males gave rise to viable F 1 progeny, suggesting that suppression by px63 was contributed zygotically, whereas the remaining three dominant suppressors (px17, px33, and px34) required a maternal contribution. We note that zygotic suppression did not track with overall strength of suppression. px63 M1/À Z1/À gave one of the lowest suppression rates (10%), yet this allele could still suppress as M1/1 Z1/À. px34 M1/À Z1/À, on the other hand, was one of the strongest suppressors, yet M1/1 Z1/À did not suppress pha-4(ts). These behaviors indicate that suppression reflected maternal vs. zygotic contributions rather than overall strength of suppression.
Location of pha-4 suppressors: We were able to assign a linkage group (LG) to 9 of the 13 suppressors using single nucleotide polymorphisms (SNPs). Mapping data from the 9 suppressors revealed that at least six different loci were involved. LG II: px23 and px28 mapped to the same location on the far right arm of chromosome II (see materials and methods). When grown at the restrictive temperature of 20°, px23/px28; pha-4(ts) heterozygotes produced viable progeny, unlike px23/1; pha-4(ts) or px28/1; pha-4(ts) mothers ½progeny scored from 10 px23/px28, px23/1 or px28/1 animals in the pha-4(ts) background. Thus, px23 and px28 fail to complement each other for suppression of pha-4(ts) lethality and are likely alleles of the same gene. A third suppressor, px16, also mapped to chromosome II with a recessive segregation ratio, but was not linked to the far right arm, indicating it was distinct from px23 and px28. None of the three alleles had an obvious phenotype when the pha-4 and smg-1 mutations were removed (data not shown).
LG III: The alleles px11, px17, and px33 mapped to the center of chromosome III. Both px17 and px33 were maternally dominant, whereas px11 was recessive. The dominant attributes of px17 and px33 prevented further complementation analysis. These three genes may comprise an allelic series for one locus or represent individual genes located near each other. None of the three genes had an obvious phenotype when the pha-4 and smg-1 mutations were removed (data not shown). LG IV: px12 was the only suppressor that mapped to the left end of chromosome IV. px12 exhibited a recessive segregation ratio, where homozygous but not heterozygous px12 animals gave rise to viable F 3 progeny. px12 did not reveal an obvious phenotype when the pha-4 and smg-1 mutations were removed (data not shown). LG V: SNP mapping was used to position px63 to the right arm of chromosome V. Homozygous px63 pha-4(ts) animals from balanced smg-1; pha-4(px63 zu225)/ fog-2 rol-9 heterozygotes arrested as late-stage embryos or L1 larvae with a pharynx unattached (Pun) phenotype ( Figure 5A ). px34 mapped to the center of chromosome V. Suppression was vigorous, as 90% of progeny from smg-1; ruvb-1(px34) pha-4/1 pha-4 mothers survived at 20°, compared to 0% in the absence of px34 (Table 3) . Our data suggest that in addition to being dominant, px34 suppression is contributed maternally since .90% of progeny from a px34 heterozygous mother survived. Intriguingly, homozygous px34 animals arrested as larvae even in the absence of smg-1 or pha-4, suggesting the px34 mutation disrupts an essential gene (data not shown).
Additional alleles: To date, we have not assigned a linkage group for px8, px31, px70, or px71. Our difficulty may reflect where these genes are located. To map suppression, the mutant alleles smg-1(cc546ts) and pha-4(zu225) from C. elegans Bristol were introduced into the Hawaiian CB4856 strain. The resulting Bristol/Hawaiian chimera was crossed with Hawaiian C. elegans 10 times to remove as much Bristol DNA as possible. Nevertheless, SNPs at I: À6 and I: À1, which are near the smg-1 locus on chromosome I, still harbored DNA from the Bristol isolate (data not shown). Thus, suppressors that map to the central region of chromosome I or to the far right end of chromosome V (near pha-4), would elude SNP mapping using our pha-4(ts) Hawaiian mapping strain.
px63 is an allele of pha-4: The location of px63 on the right arm of chromosome V, near pha-4 itself, suggested that px63 might be an allele of pha-4. As a first test of this idea, we attempted to exchange the pha-4(zu225) allele of smg-1; pha-4(zu225) px63/pha-4(zu225) with pha-4(q500), another pha-4 nonsense allele targeted by NMD. We observed that the pha-4(zu225) allele could not be exchanged with pha-4(q500) rol-9 (n ¼ 0/96 non-Rol F 2 offpsring). This result suggested that either suppression Figure 2. -Identification of informational suppressors. (A) rpl-7a encodes two transcripts, the longer of which contains a premature nonsense codon and is degraded by NMD (Mitrovich and Anderson, 2000) . (B) PCR amplification of rpl-7a cDNA from mutant strains identifies when NMD is compromised and the longer mRNA accumulates ½smg-1(null) and suppressors px21, px26, px27, and px29. WTstrains exhibit normal NMD activity. NMD activity is partially restored in the remaining strains grown at 20°½smg-1(ts) and suppressors px33 and px34 (see also Kaltenbach et al. 2005) . (C) pha-4 suppression is not caused by readthrough of carboxyl-terminal nonsense alleles. Red, a-PHA-4 carboxy-terminal antibody (Horner et al. 1998) ; green, P-granule costain (arrowhead) (Strome and Wood 1982) . par-1 embryos have excess pharyngeal cells (Kemphues et al. 1988) and were used as an on-slide control for PHA-4 staining. The aberrant morphology of par-1 embryos allowed us to distinguish control embryos from sup; pha-4(ts) embryos.
was specific for the pha-4(zu225) allele or px63 was very closely linked to the pha-4 locus.
To determine whether px63 was an allele of pha-4, we sequenced the pha-4 locus from smg-1(cc546ts); pha-4(px63 zu225)/pha-4(zu225) animals ( Figure 5C ). We verified that the zu225 stop codon had not reverted to enable suppression, and we also found a 156-bp deletion in the second intron of pha-4 ( Figure 5 , B and C). In addition to the deletion, Southern blotting revealed an insertion of $5.3 kb between the 39 end of intron 2 and the middle of exon 5 ( Figure 5, B and D) . Taken together, these results suggest that px63 is an allele of pha-4 that contains a complex rearrangement in the 39 end of intron 2 and possibly other regions as well.
The pha-4 gene produces three transcripts that initiate at exons 1, 2, and 3 and that generate three inframe proteins ( Figure 5B ) (Azzaria et al. 1996) . The rearrangement associated with px63 affected the second intron, which could possibly function as a promoter for the third, most abundant mRNA (Azzaria et al. 1996) . We predict that the rearrangement associated with pha-4(px63) either disrupts a negative regulatory element or introduces a positive element within the third pha-4 promoter. The identification of a pha-4 cis-acting mutation validated our suppressor screen as an effective method for finding regulators of pha-4.
px34 is an allele of the predicted AAA1 helicase ruvb-1: px34 was positioned to within 220 kb on chromosome V (V: 9906715 . . . 10124252) using standard SNP mapping ( Figure 6A ) (Wicks et al. 2001) . Each of 10 cosmids spanning the 220-kb region were injected into dpy-11 unc-42 px34/evl-1 hermaphrodites and scored for rescue of lethality. Of the 10 cosmids, R05D5 and T10A5 could each rescue px34, implicating one of the five genes common to both of these cosmids (see materials and methods). One of these five genes, the predicted helicase ruvb-1 (C27H6.2) was associated with a larval arrest phenotype, suggesting ruvb-1 was a good candidate for px34 (Piano et al. 2002; Simmer et al. 2003) .
Two lines of evidence revealed that px34 was an allele of ruvb-1. First, a 3777-bp fragment, which contained the ruvb-1 locus with 677 bp of 59 upstream sequences, could rescue the lethality associated with px34 larvae ( Figure  6A ; materials and methods). Second, we detected a C-to-T transition within ruvb-1 that was predicted to change the conserved glutamate at position 371 to a lysine ( Figure 6B ). This mutation was located after the conserved Walker A and Walker B motifs required for ATP binding of the helicase and four residues before a conserved Arginine finger motif thought to regulate ATP hydrolysis and DNA binding (Putnam et al. 2001; Ohnishi et al. 2005; Matias et al. 2006 ). These data demonstrate that px34 is an allele of ruvb-1.
Four experiments suggested that ruvb-1(px34) was a loss-of-function mutation. First, RNAi against ruvb-1 could suppress the lethality of pha-4(ts) animals reared at 20°, demonstrating that reduced ruvb-1 was responsible for pha-4 suppression (Table 3) . Similarly, RNAi against ruvb-2 could suppress pha-4(ts) lethality (Table  3) . In other organisms, orthologs of RUVB-1 and RUVB-2 bind each other and function as a hexameric helicase (Ikura et al. 2000; Shen et al. 2000; Wood et al. 2000; Fuchs et al. 2001; Krogan et al. 2003; Doyon et al. 2004; Mizuguchi et al. 2004; Jin et al. 2005; Bakshi et al. 2006) . Second, some ruvb-1(RNAi) animals arrested as larvae and resembled ruvb-1(px34) homozygotes (Simmer et al. 2003; Piano et al. 2002) . Third, when ruvb-1(px34)/unc-42(e270) sqt-3(sc63) males were crossed to sDf35/1 heterozygotes, 24% (17/71) of the progeny arrested as Figure 3 .-PHA-4 restoration in sup; pha-4(ts) strains. (A) px34 increases endogenous PHA-4 levels in the pha-4(ts) background at 20°. pan-PHA-4 antibody (red) (Kaltenbach et al. 2005) . (B) PHA-4 levels increase in pha-4(ts) strains at 20°in the presence of each of the pha-4 suppressors. PHA-4 was quantified in individual nuclei as described in materials and methods ½P # 0.0072 for suppressor strain compared to pha-4(ts) alone. The ratio of PHA-4 in the suppressed strain vs. a par-1 control is shown. larvae, with a phenotype resembling that of ruvb-1(px34). sDf35 removes the ruvb-1 region (Mckim et al. 1988 ). Fourth, we observed an identical larval arrest for a second ruvb-1 allele, tm2786, which contained a deletion in exons 4 and 5 ( Figure 6A ). A total of 23.5% of progeny from ruvb-1(tm2786)/unc-42(e270) sqt-3(sc63) mothers arrested, indicating a zygotic larval arrest phenotype (n ¼ 251). These data indicate that the ruvb-1 E371K mutation causes a loss-of-function in ruvb-1 (see also discussion).
Restoration of pharyngeal cells by ruvb-1(px34): PHA-4 is required during embryogenesis to form the pharynx (Mango et al. 1994; Kiefer et al. 2007) , suggesting that the pha-4 suppressors function embryonically to restore pharynx development. To explore this idea, we examined one suppressor ½ruvb-1(px34) in greater detail. At 20°, 82% (n ¼ 50) of pha-4(ts) embryos had an unattached (Pun) pharynx, compared to 0% (n ¼ 50) for embryos from a smg-1; ruvb-1 pha-4/1 pha-4 mother (Figure 7, A and B) . We reasoned that the pharyngeal phenotype associated with pha-4(ts) could reflect either fewer pharyngeal cells or defective pharyngeal morphology (Mango 2007) . To distinguish between these possibilities, embryos were stained with a pan-a-PHA-4 antibody, and pharyngeal cells counted at the 1.5-fold stage of embryogenesis. The number of pharyngeal cells was reduced for pha-4(ts) worms incubated at 20°(76 6 10.21, n ¼ 12) compared to 24°(90.5 6 2.35, n ¼ 6) ( Figure 7C ). In embryos from smg-1; ruvb-1 pha-4/1 pha-4 mothers, the number of pharyngeal cells at 20°was restored to the WT level (91.8 6 2.40, n ¼ 11). These data indicate that suppression of Pha-4 lethality by ruvb-1(px34) is embryonic and affects accumulation of PHA-4. We note that we did not observe ectopic expression of the ectodermal factor LIN-26 (Labouesse et al. 1996) within presumptive pharyngeal cells in either pha-4(ts) or smg-1; ruvb-1 pha-4/1 pha-4 embryos (data not shown). This result differs from pha-4 null embryos, which express ectopic LIN-26 within cells that would normally become pharyngeal (Horner et al. 1998; Kiefer et al. 2007) .
ruvb-1 is expressed in the pharynx during embryogenesis: To monitor zygotic expression of ruvb-1, we designed a transcriptional, nuclear GFP reporter driven by 677 bp of ruvb-1 promoter ( Figure 8A ). This construct included all bases between the ruvb-1 ATG and the upstream gene C27H6.3, which corresponds to the sequences used in the ruvb-1 rescuing construct. We observed expression in most cells of the early embryo, but as development progressed to the twofold stage, expression became restricted to pharyngeal cells (Figure 8B) . We also observed GFP in two intestinal cells near the center of larval stage worms, which could reflect artifactual intestinal expression ( Figure 8C ) (Reece-Hoyes et al. 2007) . The expression of ruvb-1 in pharyngeal cells supports its role as a regulator of pharyngeal development.
DISCUSSION
Selector genes specify regional, tissue, organ, and cell identity in processes that require the precise temporal and spatial expression of target genes. In this study, we used a forward genetic screen to identify potential regulators or cofactors for the selector gene pha-4/FoxA. We isolated 55 mutants, of which 13 were true pha-4 suppressors and the remainder were likely NMD components. The 13 suppressors represented at least six different loci and included rare dominant alleles, as well as recessive alleles that exhibited a maternal-absence effect. Previous studies have identified genes that functioned upstream of pha-4 in either the ABa or EMS cell lineage (Mango et al. 1994) . The screen described here complements these previous approaches since it likely required activation of pha-4-dependent processes in both ABaand EMS-derived cells.
The recessive suppressors px23 and px28 failed to complement each other and likely define the same gene. Supporting this conclusion, both map to the same area on the far right arm of chromosome II. px16 also maps to chromosome II, but shows no preference for the right arm of the chromosome. A potential allelic series mapped to the center of chromosome III and consisted of px11, px17, and px33. px12 was the only suppressor to map to the far left arm of chromosome IV. We were unable to assign a linkage group to px8, px31, px70, or px71, which may reflect the SNP mapping strain. With the exception of ruvb-1(px34) and pha-4(px63), we did not observe obvious phenotypes other than suppression of pha-4(ts) lethality.
PHA-4 is first expressed at the 28-50 cell stage of embryogenesis (Horner et al. 1998) . Given this early expression, we were not surprised to uncover a maternal contribution for the nine recessive suppressors and three of the four dominant suppressors (px17, px33, and px34). Genes affecting the activity or expression of PHA-4 might need to be present during early embryogenesis, which could be accomplished by a maternal contribution. The only suppressor that clearly did not have a maternal requirement was px63, which was a mutation in the pha-4 locus. pha-4 loss-of-function mutations are also zygotic (Mango et al. 1994) .
The px63 mutation was a complex rearrangement in a likely regulatory region of pha-4. There are three transcriptional initiation sites for pha-4, which produce three mRNAs and three PHA-4 proteins (Azzaria et al. 1996) . The location of the px63 rearrangement is predicted to affect the third and strongest initiation site, but could also affect the two upstream promoters. We note that all sequence conservation between FoxA proteins and PHA-4 is located within the third open reading frame (Azzaria et al. 1996) . Thus, the transcript and protein derived from the third promoter, and affected by px63, appear to be critical for PHA-4 function.
px63 was generated by Mos1 transposon mutagenesis (Bessereau et al. 2001 ), yet we were unable to detect Mos1 sequences within pha-4. Mos1-mediated mutagenesis can create deletions where the transposon inserts into a region of DNA and then excises, leaving a nucleotide footprint (Williams et al. 2005) . It is also possible that repair of a double-strand break created by Mos1 transposase or insertion of a non-Mos1 substrate could be responsible for creating a complex rearrangement. We note that the strain we used harbored an integrated copy of the transposase but an extrachromosomal array of the transposase substrate (i.e., the transposon). Transposase in worms, including worms lacking the extrachromosomal array, might target genomic DNA at low frequency, and our selection scheme would have enabled these rare events to be detected.
The frequencies at which we obtained suppressors by EMS mutagenesis suggest that many of our suppressors represent unusual loss-of-function mutations or rare gain-of-function mutations. Typically, null mutations are generated at a frequency of 1/2000 haploid genomes (Jorgensen and Mango 2002) . If a typical lossof-function mutation were able to suppress pha-4(ts) lethality, we would have obtained approximately seven alleles/gene from EMS mutagenesis of 15,000 haploid genomes. One explanation for our low frequency is that our screen selected for viability. If regulators of pha-4 are essential, we would not be able to isolate null alleles. This phenomenon may explain the ratio of NMD mutations vs. pha-4 suppressors in EMS vs. Mos1-mediated mutagenesis. Only 3 of 29 suppressors ($10%) from the Mos1 transposon mutagenesis were pha-4 suppressors, compared to 10 of 26 ($40%) from the EMS mutagenesis (P , 0.02, Fisher's exact test). Unlike EMS mutagenesis, which typically creates point mutations, Mos1 transposon creates insertions or deletions, which often have stronger loss-of-function phenotypes (Williams et al. 2005) . For example, smg-4 was identified at a low Figure 7 .-ruvb-1(px34) suppression of pha-4(ts) restores pharyngeal cells. (A) Suppression of the pha-4(ts) Pun phenotype by ruvb-1(px34). Green, 3NB12 antibody, which stains pharynx muscle (Priess and Thomson 1987) . (B) Severity of pha-4(ts) pharyngeal defects is suppressed by ruvb-1(px34) (n ¼ 50 threefold embryos for each strain; Pun, pharynx unattached). (C) Reduction of pharyngeal cell number (PHA-41 cells within the head) in pha-4(ts) at 20°is suppressed by ruvb-1(px34). frequency by traditional genetic screens using EMS (Hodgkin et al. 1989) , and smg-4(r1169) is a large deletion (Aronoff et al. 2001 ). An alternative explanation for the high frequency of NMD alleles by Mos mutagenesis is that Mos1, but not EMS, could inactivate pairs of redundant, linked NMD genes, such as those found in operons.
Role of RuvB proteins in development: A second dominant suppressor was associated with the predicted helicase ruvb-1. RUVB-1 belongs to the AAA1 ATPase class of helicases represented by RuvB in bacteria and RUVBL1 in mammals (e.g., TIP49a, TAP54a, Pontin52) (Kanemaki et al. 1997; Bauer et al. 1998; Ikura et al. 2000) . We isolated a single allele of ruvb-1, px34, which carried a lysine substitution for glutamate at position 371; we obtained no alleles of ruvb-2. A comparison of C. elegans ruvb-1 with the crystal structure for human RuvbL1 (Matias et al. 2006) suggests that the px34 mutation lies at the interface between RUVB molecules within the hexameric complex (see Figure 6C ). Intriguingly, multiple dominant-negative alleles of RuvB have been generated in bacteria, and these map to the interface between two RuvB molecules in the hexameric ring (Iwasaki et al. 2000; Putnam et al. 2001) . These observations suggest that the lysine substitution of RUVB-1 may disrupt the formation or stability of the hexameric ring, despite the presence of WT RUVB-1 and RUVB-2 proteins. Thus, this mutation may be a weak dominant negative and not a simple loss of function. Consistent with this hypothesis, we observed dominant suppression of pha-4 lethality by ruvb-1(px34).
The role of RuvB in bacteria is DNA repair and recombination, where RuvB is required to translocate the Holliday junction along DNA (West 1996) . Eukaryotes posses a RuvB homolog but not RuvA or RuvC, raising the question of what RuvB proteins do in higher organisms. Expression of ruvb-1 orthologs in Drosophila, Xenopus, zebrafish, and mice suggests a possible role in gut development. Strong expression of Pontin/ruvb-1 and Reptin/ruvb-2 is found in the anterior and posterior midgut of Drosophila . In Xenopus, xPontin/ruvb-1 is expressed in different gastrointestinal organs (Etard et al. 2000) . Zebrafish express higher levels of zReptin/ruvb-2 in the heart, brachial arches, liver, exocrine pancreas, and intestine (Rottbauer et al. 2002) . In mice, robust expression of mPontin/ruvb-1 and mReptin/ruvb-2 is found in the gut and pancreas (Chauvet et al. 2005) . The pharyngeal expression pattern we observed in C. elegans, together with the expression of RuvB genes in Drosophila, Xenopus, zebrafish, and mice, suggest an evolutionarily conserved role for RuvB in gut development.
It has been proposed that the paralogs ruvb-1/Pontin/ Tip49 and ruvb-2/Reptin/Tip48 have antagonistic roles for wingless signaling in Drosophila and zebrafish Rottbauer et al. 2002) . In contrast, Xenopus Xpontin and Xreptin appear synergistic (Etard et al. 2005) . Our results resemble those of Xenopus, since both ruvb-1 and ruvb-2 negatively regulate pha-4 and pharyngeal development (Table 3) . Biochemical assays suggest that RUVB-1 and RUVB-2 are present together in multiprotein complexes in other organisms (Ikura et al. 2000; Shen et al. 2000; Wood et al. 2000; Fuchs et al. 2001; Krogan et al. 2003; Doyon et al. 2004; Mizuguchi et al. 2004; Jin et al. 2005; Bakshi et al. 2006) . Direct interaction between these paralogs has been reported in multiple systems, most likely in the form of a dodecameric RUVB-1/2 ring (Puri et al. 2007 ). This configuration may help explain why ruvb-1 and ruvb-2 have synergistic roles for Xenopus and C. elegans development (Gohshi et al. 1999; Kanemaki et al. 1999; Bauer et al. 2000; Ikura et al. 2000; Wood et al. 2000; Walhout et al. 2002; Puri et al. 2007) .
Biochemical studies have identified RuvB orthologs as members of several multiprotein complexes including those that control DNA repair (RuvABC complex, TIP60/SRCAP, and URI-1), transcription ½c-Myc, TIP60/ SRCAP, and Polycomb repressive complex 1 (PRC1), and ribosome biogenesis (snoRNP assembly complex) (Ikura et al. 2000; Shen et al. 2000; Fuchs et al. 2001; Jonsson et al. 2001; Frank et al. 2003; Krogan et al. 2003; Doyon et al. 2004; Kobor et al. 2004; Jonsson et al. 2004; Taubert et al. 2004) . How might these interactions explain a role for ruvb-1/2 during pharyngeal development? Vertebrate FoxA binds chromatin and modulates compaction in vitro, indicating FoxA factors function by modifying the chromatin environment (Cirillo et al. 2002) . Previous work from our lab has shown that homologs of the TIP60/SRCAP histone acetyltransferase and nucleosome-remodeling complex cooperate with pha-4 to achieve the proper timing and expression of pharyngeal genes (Updike and Mango 2006) . Therefore, one possibility is that ruvb-1/2 modulates the activity of the TIP60/SRCAP complex. PRC1 is another attractive candidate, however C. elegans lacks an obvious correlate to this complex. We favor the notion that ruvb-1 and ruvb-2 modulate pha-4 activity through interactions with the chromatin environment.
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